With an increase in demand for aluminum alloys, industrial suppliers are seeking to increase the size and speed of casting processes. Unfortunately operating the existing Direct-Chill (DC) process in such conditions tends to enhance metallurgical defects. Perhaps the most recognized of these defects is macrosegregation, whose effects are permanent once the material is solidified. In order to facilitate the expansion of the DC process without increasing the presence of macrosegregation, a novel jet mixing method to distribute the liquid metal is presented. The governing equations for this process are derived and the operating parameters necessary to minimize the centerline macrosegregation are predicted. The results of commercial-scale tests are presented, validating the predictive equations and performance of this process.
I. INTRODUCTION
MORE than two-thirds of the aluminum produced in the United States is first cast into ingots using the Direct-Chill (DC) process, [1] prior to being transformed into sheet, plate, extrusions, or foil. The process, devised in its current version in the 1940's has subsisted thanks to its simplicity, robustness, and wide range of applicability. In spite of its industrial importance, metallurgical defects persist and must be addressed before the process may continue to evolve.
One longstanding quality issue for large castings of aluminum alloys is macrosegregation. Defined as compositional variation visible across the dimension of the casting, this macroscopic defect dictates variations of properties throughout the entire finished product. [2, 3] Compositional variations are perhaps one of the earliest recorded metallurgical defects but their origin and prediction continue to be an active area of research. In spite of a large volume of results, no reliable solution has been proposed to mitigate the deleterious effects of macrosegregation at production-level quantities for DC cast slabs.
II. BACKGROUND
The fundamental cause behind macrosegregation is the relative movement of liquid and solid phases during solidification. [4, 5] This relative movement implies that the micro-scale partitioning of solute between liquid and solid phases (microsegregation) translates into large-scale differences in chemical composition (macrosegregation). The movement can be driven by a number of factors, whose magnitude depends not only on casting practice, but also alloy composition, and shape of the transition region (sump). [4, 6] In the present work, the focus is primarily on the transport and preferential sedimentation of free-moving grains, as justified below.
Commercially cast aluminum alloys tend to solidify as equiaxed grains due to the addition of exogenous nucleation sites (grain refiner). In the slurry region (defined as the region between the liquidus and coherency isotherms [4] ) these grains are mobile and can travel short or long distances depending on convection conditions. The preferential sedimentation of these grains at the bottom of the sump is often considered as the origin of centerline segregation in DC cast ingots. [6] [7] [8] Grain sedimentation was one of the first mechanisms proposed for segregation, [9] due to the observation of a duplex structure, characterized by a mixture of coarse and fine cell dendritic grains, near the ingot centerline. [10] [11] [12] [13] As each position in the sump has a distinct solidification pattern, thus a unique microstructure; the observation of several distinct microstructures suggests differing origins and thermal histories of the grains, which have ultimately been transported to the centerline.
When free-moving grains are transported and settle at the bottom of the sump, a fraction of solid phase larger than the targeted equilibrium condition is obtained. In hypoeutectic aluminum alloys (i.e., for the majority of DC products), the solid phase is less rich in solute than the liquid, and a larger fraction of solid results in negative segregation upon solidification (concentration of solute lower than the target). It has been shown, e.g., in the case of AA2024, that such negative segregation dramatically alters the ultimate mechanical properties of cast ingots. [3] It is then foreseen that preventing the sedimentation of free-moving grains will alter macrosegregation, ultimately reducing property variations in DC cast ingots. Herein, we propose the introduction of a turbulent jet directly into the base of the sump as a means to prevent the sedimentation of grains. However, it has been suggested that the introduction of a jet of significant power causes erosion of the sump in billet (round) castings. [4] We therefore propose a method to predict a jet of sufficient power to suspend sedimented grains without causing excess sump erosion for slab casting.
III. MODELING APPROACH

A. Transport Equation and Possible Integration into Finite-Element Models
With the assumption that heterogenous nucleation acts as the sole source of grains at the solidifying interface, the conservation of mass provides the governing transport equation in the slurry region (Eq. [1] 
Thevoz and Rappaz [14] provide a statistical model for the grain density as a function of the mean undercooling (DT N ± DT r ) and the maximum grain density, (n max ) using a Gaussian distribution:
The specific parameters of Eq. [2] (undercooling terms) can be determined experimentally for a given alloy composition, the type of grain refiner used, and the duration of its addition. Each unique undercooling corresponds to a certain nucleation radius given by the Gibbs-Thomson relation. The nuclei formation and melting in Eq. [1] are included in a single source term, N, related to the grain density n DT ð Þ at any given undercooling DT via the integration of Eq. [2] :
An additional condition consists of a steady-state grain number density, i.e., that @n @t ¼ 0 in Eq. [1] . The transport equation to be solved therefore consists in equating the advective contribution with the nucleation at the interface taking into account the local undercooling. The application of this boundary condition at the solidifying interface can be implemented into a finite-element code to determine the appropriate jet parameters. Such approach remains rather computationally intense, and while it would certainly provide the solution, it does not allow prompt application by practitioners. The desired implementation and full description of the system lends itself more readily to a non-dimensional version of the problem, as presented hereafter.
B. Non-Dimensional Model
The eulerian fluid dynamic approach to grain flow and in particular grain erosion on granular surfaces is a topic that has received prior attention, for example with the goal of understanding sediment removal and designing pipe and reactor flow conditions for suspension. A brief review of the relevant governing parameters is provided in Appendix 1. The aforementioned parameters have all been experimentally determined for horizontal flow over a horizontal granular bed. Nonetheless, we can redefine the corresponding parameters for a jet impinging perpendicularly onto the bed. Figure 1 is a schematic representation of this condition, specifically referenced to the case of solidifying metal, though valid for other fluid/grain relationships. Appendix 1 contains the list of symbols and non-dimensional numbers pertinent to the model, and Appendix 2 provides their stepwise derivation for two-phase flow.
We propose to define the Rouse number for a turbulent jet impacting a bed of particles as:
where U j is the velocity of the jet at the surface of the granular bed (distance H 0 -h 0 from the nozzle). Its value can be determined from the theory of turbulent jets. [15] Explicitly, U j is described as:
where b 0 is the nozzle radius and U 0 is the mean velocity of the fluid at the nozzle outlet in the bulk fluid, expressed as a function of the volumetric flow rate (Q 0 ).
H 0 and h 0 represent overall depth of the fluid and the granular bed respectively (see Figure 1 ). For a turbulent jet, the entrainment constant (a) can be taken to be [16, 17] a ¼ 0:08. In the case of DC casting, H 0 is typically taken to be the sump depth measured at the coherency isotherm, because this defines the boundary of the slurry region, and the desired zone of erosion. Numerous relationships exist for the depth of the sump as a function of casting parameters, but the authors have found good agreement between that proposed by Myhr [18] and experimental results.For perfectly spherical particles obeying Stokes law (i.e., grain Reynolds number, Re g <0:1Þ, Sh (Shield), Rs, and Re g can be related by:
Re g Rs 2 % 0:33
Given the fact that the critical Shields number, Sh c is related to the granular Reynolds number according to [19] Sh c $ Re 
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The presence of several grains falling together leads to a swarm velocity, [20] U th , provided by
where C v is the volume fraction of solid particles. Assuming Stokes law for grains of less than 70 microns (see Appendix 1, table of 
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Using Eq. [5] from Reference 8, the volume fraction of sedimented grains can be calculated using the observed solute depletion at the centerline reported in Reference 6. C v is then determined to be of the order of 0.2. Using the modified settling velocity (Eqs [9] and [10] ) in Eq. [8] leads to:
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For horizontal channel flow, bedload transport is defined by the volume flux of grains per unit width of flow Q. This is then normalized by the grain size and settling speed to give a non-dimensional flux per unit width, [21] Q . Through extensive experiments examining bedload transport of uniform horizontal flow over granular beds, empirical relationships have been proposed to relateQ to the difference, Sh À Sh c , following the form:
P and C s are constants dependent upon grain size, density, and the stress imposed by the flow over the bed.
In a study of jet scour, Mazurek and Hossain [22] showed that the radius of the crater generated by an impinging jet does not vary significantly with increasing jet power. Extrapolating from this, it is proposed that the crater deepens while its radius (r 0 ) is almost constant with increasing jet velocity at the base of the crater. This assumption and extrapolation is likely only valid for cohesion-less grains forming a permeable bed, as found in the slurry region of the sump. In addition, the act of impingement on such bed is assumed to lead to a surface pressure distribution and a seepage flow within the bed. [23] This seepage flow allows shear stresses to act deep into the bed. Such assumptions likely do not apply for cohesive granular beds, such as welded grains located in the mushy zone of the sump. For such cohesive bed, one would rely on high-temperature creep effects for the applied shear stress to enable resuspension. This type of bed tends to ''reflect'' the impinging jet and thus leads to non-uniform and less predictable grain resuspension.
With the assumption of a cohesion-less bed and a constant crater radius, the volume flux of grains suspended from the crater due to the jet can be represented as:
where the crater descent velocity (U c ) is assumed to be constant, i.e., the volume flux is constant. Similar to statistically steady horizontal flow, a non-dimensionalizing constant can be defined by the granular settling flux divided by the across-flow granular density:
In this definition we have used the hindered settling velocity to account for inter-granular interactions within the crater. Equation [14] then allows defining the non-dimensional volume flux as:
This relationship defines the ''relative crater descent velocity'', suggesting that the crater descends independently of the properties of the grains themselves. Because the definition of Rs (Eq. [4] ) explicitly invokes the settling velocity of the grains and thus can account for the influence of turbulent fluctuations, we propose to replace Eq. [12] with a non-dimensional flux of grains of the form:
Using Eqs. [4] , [15] and the relationship for the critical Rouse number (Eq. [11] ), Eq. [16] provides an explicit expression for the crater descent speed U c as a function of the impacting jet velocity on the bed:
The optimal jet has sufficient power to re-suspend the sedimented grains, but insufficient power to erode the bottom of the sump. We therefore propose that the crater descent velocity (U c ) shall be equal to the casting velocity, i.e., the vertical speed of displacement of the solid ingot. This criterion guarantees no accumulation of grains in the center of the ingot, and that the power of the jet is dissipated in granular resuspension. Since the jet velocity at the surface of the granular bed (U j ) is a function of the volumetric flow rate, and thus also the casting velocity, an iterative computational solver is implemented until convergence.
IV. APPLICATION OF THE MODEL
A. Predictive Plot
Alloy composition is a key parameter of the model, since it influences both the relative density of the solid phase and the steady-state depth of the sump. Indeed, for DC casting where the majority of the heat is removed through the solidified material, certain elements such as magnesium or zinc drastically influence the sump depth due to their lower thermal conductivity with respect to pure aluminum. Such sump depth differences will clearly affect the extent of the jet expansion. As the centerline velocity of a jet will also vary with depth, it is anticipated that different jet diameters are required for different alloy compositions. Using data from Reference 24 and Myhr and Hakonsen's sump depth prediction, [18] it is possible to provide 'boundary' curves representing the effective processing parameters for minimum centerline segregation for a range of typical aluminum alloys, as shown in Figure 2 . This figure represents the range of predicted jet Reynolds numbers as a function of mold Reynolds number, respectively defined as:
where M l and M w represent the mold length and width respectively.The boundary of the shaded region is created for two alloys identified as limiting cases; nearly all other alloys will fall between these boundaries.
B. Experimental Setup and Procedure
In order to test the proposed model, a series of experiments were designed in order to compare jet-processed casts with prior experimental data on macrosegregation. To that end, we determined Al4.5Cu as the best candidate due to the availability of prior experimental data reported in Reference 6. Experimental conditions were identical to those described in References 6 and 25 for each trial, the only difference being that each trial used a distinct jet diameter. Figure 2 represents the predicted jet parameters based on the model predictions and the casting conditions (mold dimensions, casting speed). Based on the predictive plot, the minimum macrosegregation should be observed for Al4.5Cu with a jet characterized by a Reynolds number of approximately 97,000 for a mold Reynolds number of approximately 1600.
Following the casting, cross sections were taken from each of the ingots at a cast length of 1800 mm, and then analyzed using an Olympus Alloy Plus XRF Analyzer according to the procedure outlined in Reference 31. composition for the five casting conditions shown in Figure 2 .
V. RESULTS
A. Macrosegregation Surfaces
In Reference 6 we noticed that the jet has a significant impact on the macrosegregation profile of an Al4.5Cu ingot, and clear trends are observed. Specifically, ingots cast with a jet Reynolds number below 97000 exhibit positive (enriched) centerline segregation, as opposed to the negative segregation observed for ingots cast without a jet (Figure 3(a) ). In contrast, ingots cast with a jet Reynolds numbers of 97,000 (Figure 3(e) ) or above hardly exhibit centerline segregation, and if any a negative (depleted) segregation. In addition, the extent of the centerline region is significantly narrower with respect to the short axis when using a jet, with a few centimeters in thickness compared to tens of centimeters in absence of the jet.
B. Quantitative Analysis
The qualitative analysis of the plots in Figure 3 illustrates the potential for jets to modify centerline segregation in rolling slab ingots. The fact that the centerline segregation zone itself is reduced is a successful outcome of the jet addition, since thermo-mechanical processing of the ingot is foreseen to reduce the remaining segregation. However, in order to perform a more quantitative analysis of the process performance, a quantitative metric called the Macrosegregation Index (MI) has been developed to quantify the degree of centerline segregation. Equation [19] is a modified second-area moment equation that assigns quantitative values to the concentration measured at each position, based on its deviation from the target alloy composition and its distance from the center.
1=2
½19
Incorporating distance in the metric is important as enriched chill zone, which can be handle by physical means after casting, could skew the analysis of the whole section of the ingot. Since the index includes a squared term, it counts as equally unfavorable positive or negative segregation. The MI will be minimal for the cross section with the least macrosegregation. Figure 4 is a plot of the MI for each of the jet tests reported above, identified by their jet Reynolds number. The red-dashed line represents the MI from the standard DC profile analyzed in Reference 6 and reproduced in Figure 3(a) . For the range of jet diameter tested, the macrosegregation index shows at least a 30pct reduction from the standard casting method. The best performing jet, (Re = 97,000) allows a 60pct reduction in centerline segregation, confirming the validity of the quantitative model presented above.
VI. CONCLUSION
A new liquid distribution method, based on an impinging jet, capable of significantly reducing centerline segregation even in large castings, has been proposed. A dimensionless model of the distribution of the molten metal has been proposed, applicable in principle to nearly all alloys and mold dimensions. The model quantitative predictions for casting Al4.5Cu rolling slab ingots have been validated experimentally at industrial scale, confirming the existence of an optimal jet to minimize centerline segregation. Further work is required to better understand the flexibility and robustness of the model with respect to each of the major process parameters (alloy, amount of grain refinement etc.).
As demonstrated in Reference 25, such method can result in a drastic reduction in grain size, indicating the value of future studies of the effect of the impinging jet on dendrite fragmentation, and potency of grain refiners.
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